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The wavelet energy spectrum was proposed to analyze 
nuclear magnetic resonance signal characteristics. This 
paper focused on the intermolecular multiple quantum 
coherence and radiation damping signal for they had 
similar Fourier spectra. The free induced decay signals 
originating from the intermolecular double quantum 
coherence and radiation damping are demonstrated by both 
experiments and simulations. Compared with the Fourier 
spectrum, the wavelet energy spectrum revealed the signal 
intensity is not only related with time but also with 
frequency. Relevant characteristics of the wavelet energy 
spectrum, such as the maximum energy, the corresponding 
moment and the total energy were investigated in detail. As 
for intermolecular double quantum coherence, the maximum 
and total energy reaches the top when the optimal flip angle 
is applied. Moreover, the maximum moments are the same 
irrespective of the different flip angles. With regard to 
radiation damping, the energy achieves maximum when the 
flip angle is 90º, and the larger the flip angle is, the more 
the total energy is and the longer the acquiring moment is.  
Keywords: Wavelet energy; time-frequency analysis; 
nuclear magnetic resonance; double-quantum coherence; 
radiation damping  
1. Introduction 
The nuclear magnetic resonance (NMR) Fourier 
spectrum was usually received to obtain the relative 
information. The intermolecular multiple quantum 
coherence (iMQC) and radiation damping (RD) coexists in 
highly polarized liquid-stated NMR system and they have 
similar spectra. The iMQC intensity is represented by a 
Bessel function and the RD intensity is represented by a 
hyperbolic secant function. Therefore they could be 
regarded as a sum of time-dependent amplitude and 
frequency components. Time-frequency analysis may offer a 
convenient way to estimate these time-dependence 
characteristics.  
Time-frequency technique has been used in NMR field 
for more than a decade. Antoine surveyed wavelet transform 
and other time-frequency methods in Magnetic resonance 
spectroscopy [8]. Davis used the undecimated wavelet 
transform to improve binning method for metabolomics 
NMR data [9]. Cobas used continuous wavelet transform 
deviation calculation in a NMR spectroscopy 
baseline-correction procedure [10]. 
In the paper, the authors propose a wavelet energy 
spectrum to analyzed free induced decay signals from 
intermolecular double quantum coherence (iDQC) and RD. 
The main purpose of our work is to compare the 
characteristics of the iDQC and RD signals in the 
time-frequency domain. The signals of iDQC and RD are 
mostly determined by the flip angle of the radiofrequency 
pulse. The paper focused on studying the maximum wavelet 
energy and the corresponding to their moment at the 
different flip angles which is set from 0o to 180o. 
Furthermore, the flip angle corresponding to the maximum 
total wavelet energy was discussed in the paper. It is easier 
to differentiate spectra of iDQC and RD by wavelet 
analysis. 
2. Theory 
Wavelet analysis is one of the most powerful tools in 
the time-frequency domain. The continuous wavelet 
transform is defined as follows: 
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where stands for inner product. When the wavelets 
 are orthogonal, energy formula can be expressed 
by [
,< >
( ),a b tΨ
14]: 
           (3) ( ) ( ) ( )2 2,
,a bIn this paper, we used wavelet energy spectra to 
represent the time-frequency evolution of the iMQCs and 
RD. The wavelet energy spectrum is defined as follows: 
, ( ) ,a bE s t t s t s t= < Ψ > =< >∑
      ( ) ( ) 2,, a bE a b CWT t=                  (4) 
 
3. Experimental 
Fig. 1. The CRAZED pulse sequence 
3.1.  Simulation of data sets  
The simplest gradient sequence which shows direct 
evidence of iMQCs is the CRAZED sequence shown in Fig. 
1. β is the second flip angle; and are the magnitude 
and duration of the gradient field, respectively; and  




13]. When the transverse relaxation during the 
detection period is taken into account, the observed signal in 
the regime ( 0 0 1Mγµ ) is given as [2],[6] : 
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k Gγ δ= , γ  is the gyromagnetic ratio, and 
 is the dipolar demagnetizing time. ,  
and  are the conventional longitudinal relaxation time, 
transverse relaxation time and molecular diffusion 
coefficient, respectively.  
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RD appears in the concentrated liquid NMR system. 
Pulse-field gradient cannot restrain the RD when there is z 
component of the magnetization. The RD and the flip angles 
have the following formula [7]: 
( ) 0 sec ln tan 2
i t
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ts t M h e
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           (6) 
where  for RD time.202 /rdT c fQε γ= f  is the RF 
coil filling factor and Q  is the quality factor of the RF 
circuit. Equations (5) and (6) are different, but their 
corresponding spectra are quite similar. 
3.2. Materials and apparatus 
NMR iDQCs and RD experiments were performed on a 
Varian Unity 500MHz spectrometer equipped with 
self-shielded z-gradient coils and 5-mm HCN 
triple-resonance RF coil. The probe provided a linear 
gradient field up to 0.3 T/m in the z direction. 
3.3. Calculation 
The program for wavelet energy spectrum calculation 
was written in Matlab language using wavelet toolbars in the 
system. 
4. Results and discussion 
The fids and Fourier spectra of iDQC and RD signals 
are showed in fig.2 and 3. It is difficult for us to differentiate 
them. In order to compare wavelet energy spectrum with the 
Fourier transform, simulated iDQC and RD signals were 
used. Figure (4. a) shows the wavelet energy spectrum of the 
simulated iDQC signal and figure (5 a) shows that of the 
simulated RD signal. The parameters used in the program 
were as follows: the coherence order n was -2, the offset 
frequency was set at 300 Hz, 0M  was 0.03
1As− , the 
transverse relaxation time was 0.1 s, the longitudinal 
relaxation was 4.56 s, evolution time  of 3.3 ms to 
minimize the longitudinal relaxation effects during the 





2m s−⋅ 1 , the amplitude and duration of the gradient 





 Fig.2. (a) Theoretical FIDs and (b) Theoretical 
spectra of iDQCs at different flip angles 
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We chose db6 (Daubechies) wavelet for it is orthogonal 
and smooth. The dominant frequency or the center 
frequency  of the db6 wavelet is 0.73 Hz. The 
pseudo-frequency corresponding to the scale given by , , 
is defined as follows: 
cf
a af




=                         (7) 
where sf is the sampling frequency. In our work, sf  is 
2000 Hz in the experiments.  is set between 2 and 8, and 
 is between 182.5Hz and 730Hz.  
a
af
The CRAZED sequence was applied to obtain iDQC 
signal, and the single pulse sequence was used to get RD 
signal. The experiments were recorded at 298 K with 
samples of 1 (D2O): 1 (H2O). A typical set of experimental 
parameters were as follows: a relaxation delay of 30 s to 
allow the spin system to completely return to the 
equilibrium state and prevent any possible stimulated echoes; 
an evolution time of 3 ms to minimize signal attenuation due 
to diffusion, transverse relaxation, and other effects; and a 
gradient with a duration of 3 ms. RD effects were effectively 
suppressed during the evolution period when the transverse 
magnetization xyM was rapidly dephased by the field 
gradient immediately following the first RF pulse, and 
minimized during the detection period by detuning the RF 
coil, with the duration of the 90º RF pulse extended to 
60 sµ . When the RF coil was tuned well, the duration of the 








The experimental results agree reasonably with their 
theoretical analyses. From the theoretical and experimental 
wavelet energy spectra of iDQCs (Fig. 4), the maximum and 
total wavelet energy curves (upper in the Fig. 6), the 
following overall observations are made: in spite of the 
different flip angles, the wavelet energy of the iDQCs is 
small at the beginning of the acquisition period, the 
maximum energy time is almost at the same acquisition time, 
the wavelet energy is near zero within 0.4s in the acquisition 
period. When the second flip angle β  is set at the optimal 
angle, as for the iDQC, [6], the maximum and 
total wavelet energy are more than those at other flip angles. 
60ooptβ =
 As for the RD wavelet energy, the maximum moment is 
at the beginning of the acquisition time when the flip angle 
is less than 90º, and it delays longer when the flip angle is 
bigger than 90º, as shown in Fig. 5. From the maximum and 
total wavelet energy curves (lower in Fig. 6), it is observed 
that the maximum wavelet energy at the flip angle  
is more than that at other flip angles, but the bigger the flip 
angle is, the more the total wavelet energy is. Because it is 
hard to get a pure RD signal, the curve of the RD maximum 
wavelet energy from experiment is a little different from 
those from theory. 
90oβ =
 Compare Fig.4 with Fig.2, and Fig.5 with Fig. 3, it is 
concluded that the wavelet energy spectra provide the 
temporal and frequency information simultaneously, and 
give a more intuitionistic approach to differentiate the iDQC 
and RD signal. Furthermore, FFT spectra represent the mean 
of the whole procedure while the wavelet spectra can give 
the instant signal. From Fig.4 and Fig.5, we can get the 
energy intensity and the corresponding frequency at the 
different acquisition time. The wavelet energy analysis is 








Fig. 4. Wavelet energy spectra of iDQC signals 
using the CRAZED sequence as shown in Fig. 1. (a) 
Theoretical predictions; (b) Experimental results 
Fig.3. (a) Theoretical fids and (b) Theoretical 
spectra of RD at different flip angles 
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A wavelet energy spectrum was presented herein for 
time-frequency analysis of the iDQCs and RD. The spectra 
from the theoretical analyses and the experiments are shown 
pictorially in a two-dimensional, time-frequency plot. The 
excellent agreements between theoretical and experimental 
signal analyses, the proposed wavelet energy spectrum can 
be regarded as a microscope for expressing the 
characteristics of iMQCs and RD. Compared with Fourier 
spectra, the wavelet energy spectra provides temporal and 
frequency features simultaneously. The results further 
confirm the difference between iMQC and RD. The wavelet 
energy spectrum may be used to analyze more complicated 
cases. 
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